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Emission of X-ray photons
Emission & absorption lines
Bremsstrahlung or deceleration radiation Inverse Compton scattering!
Synchrotron radiation !
The first attempts at X-ray astronomy were just to see if there was any form 
of X-ray radiation in space. The instruments were simple detectors carried on 
rockets which then parachuted back down to Earth. !
They detected X-ray emission from the Sun. 
Immagine ottenuta dal !
satellite tedesco-americano !
Rontgen (meglio noto come !
ROSAT) dell’emissione per!
fluorescenza della Luna e!
dell’emissione di fondo X.!
Il 18 giugno 1962, un razzo Aerobee lanciato dal New Mexico volo’ per !
5’50” a 80 km dal suolo, raggiungendo un’altezza massima di 225 km.!
Ruotando durante il volo, ci si aspettava che osservasse solo picchi di!
emissione in corrispondenza del Sole e della Luna.!
Responsabile della missione era!
Riccardo Giacconi, un cervello in fuga !
nato a Genova e laureato a Milano, che !
per questa osservazione e “for 
pioneering contributions to astrophysics, 
which have led to the discovery of 
cosmic X-ray sources“ ha  vinto il !
premio Nobel per la fisica nel 2002. !
Tra le altre cose osservate, anche un !
Fondo di emissione diffusa sia dovuta !
alla "Local Bubble" sia a sorgenti extra!
-galattiche non risolte.!
Nel 1970, Uhuru e’ la stata la prima !
missione in orbita attorno alla Terra e !
dedicata all’astronomia X. Ha fornito la !
prima survey completa e uniforme del !
cielo in X, osservando 339 sorgenti, !
quali binarie, resti di supernove, !
galassie attive e ammassi di galassie. !
X-ray satellites: the gold age 
XMM-NEWTON was launched on 10th December !
1999 by the first commercial Ariane-V launch. It is !
one of the ESA’s cornerstone missions and was !
designed to be a satellite which could perform high !
quality and high sensitivity X-ray spectroscopy. At !
one end of the satellite there are the detectors and !
flight systems and at the other there are the 3 !
different mirror systems and they are connected by !
a 7.5 meter long tube. There are three different !
mirror systems which each have their own !
detectors. Each mirror module consists of 58 !
nested gold coated mirrors, with the largest having !
a diameter of 0.7 m.!
The CHANDRA X-ray Observatory was launched on 
the 23rd July 1999 by the Space Shuttle Columbia. It 
was designed to provide high resolution imaging of 
X-ray sources (~1” = obj of 1cm distant 2 km); as 
opposed to XMM-NEWTON which has better spectral 
resolution but worse imaging capabilities. It was the 
follow up to the EINSTEIN observatory which flew 
from November 1978 to April 1981 and was far 
superior in all ways. CHANDRA was placed into an 
elliptical orbit so that it spent little time in the 
Earths radiation belts, and so allows up to 48hrs 
(172.8 ksec) of uninterrupted observing time.!
X-ray mirrors & detectors 
CCDs: ½ Nobel prize 2009 to  
Willard S. Boyle & George E. Smith 
Galaxy Clusters in X-rays (1/5) 
Clusters of galaxies contain hundreds of galaxies, have 
diameters of a few Mpc and masses of ~1015 M⊙: !
they are the largest gravitationally bound objects in the 
universe which have approached virial equilibrium. !
Galaxy Clusters in X-rays (2/5) 
Fritz Zwicky (1933): one needs missing 
mass to explain gravitational effect 
observed in rich galaxy clusters !
Uhuru (1970): clusters are extended in 
X-ray (LX~1043/45 erg s-1) with size 
similar in optical!
Galaxy Clusters in X-rays (3/5) 
emission lines from highly ionized 
iron & metals (Perseus in Ariel5 spectra -
Mitchell et al. 1976; Coma, Virgo, Perseus in 
OSO8 data -Serlemitsos et al. 1977): X-ray 
emission originate from optically 
thin gas with near cosmic 
abundance (Felten et al. 1966), !
high temperature (2-10 x 107 K) and 
low density (10-3 particles cm-3) !
Mgas~20% Mtot~5 x Mstar!
Galaxy Clusters in X-rays (4/5) 
Even if they contains only 4 per cent of the cosmic mass of the 
Universe,  the importance of clusters in cosmological studies 
arises from the fact that they are the most massive relaxed 
systems, which, in standard scenarios, form from the highest 
primordial density peaks.!
>  The statistics of their distribution on large scales (detection)!
>  their abundance and its evolution with z  (Mtot)!
>  their gas composition (Mgas)!
are all functions of the 
cosmological parameters.!
Galaxy Clusters in X-rays (5/5) 
X-rays provide the best way to study galaxy clusters:!
> luminosity proportional to (gas density)2!
> Tgas is a direct (but difficult) measure of the potential well!
However, simple expectations on the L-T relation do not match the 
observed properties, meaning that more physics is required for the ICM 
beyond the simple gravity!
A solid, and useful, assumption is that the hot gas is in 
pressure equilibrium with the dark matter, being !
tsound ~ 7e8 (Tgas/1e8K)-0.5 RMpc years  <  tage !
and less than any cooling/heating process... !
                 (1/ρ) (dP/dr)= -dΦ/dr = - GMtot/r2!
Observing a 
X-ray galaxy cluster 
1.  Ask for observing time (tens of k-sec) by providing a 
scientific justification OR use archival exposures 
2.  Collect the events-1 file along with the calibration files 
(telescope attitude, CCD bad pixels, …) 
3.  Process the event-1 file by selecting only the GOOD events 
to create an event-2 file (selection in time, grade, status) 
4.  Now, you are ready to do science: event-2 file contains all 
the “events” (i.e. counts from photons) as function of time, 
position on the sky, energy. By projecting along one of these 
axes, you can create spectra (cts vs energy), light curves 
(cts vs time), images (cts vs sky position). 
The observer collect photon counts (C) within specific 
instrument channels, I.  This observed spectrum is related to the 
actual spectrum of the source f(E) by: 
Fitting a spectrum (1/4) 
where R(I,E) is the instrumental response and is proportional 
to the probability that an incoming photon of energy E will  
be detected in channel I.  
Ideally, we would like to determine the actual spectrum of a source, f(E), by 
inverting this equation for a given set of C(I).  Regrettably, this is not 
possible in general, as such inversions tend to be non-unique and unstable 
to small changes in C(I). 
€ 
C(I) = f (E)R(I,E)dE
0
∞
∫
Instead, we choose a model spectrum M(E) that can be 
described in terms of a few parameters [i.e., M(E,p1,p2,...)], and 
match or “fit” it to the data obtained by the spectrometer. For 
each M(E), a predicted count spectrum Cp(I) is calculated and 
compared to the observed data C(I).  
Then a “fit statistic'” is computed from the comparison and used to judge 
whether the model spectrum “fits” the data obtained by the spectrometer. 
The model parameters then are varied to find the parameter values that give 
the most desirable fit statistic.   
The most common fit statistic in use for determining the “best-
fit” model is, defined as follows: 
Fitting a spectrum (2/4) 
€ 
χ 2 =
(C(I) −Cp (I))2
σ 2(I)∑
The observed spectrum C(I) is in units of counts per second is 
given by combining the data D(I) & the background B(I): 
Fitting a spectrum (3/4) 
€ 
C(I) = D(I)aD (I)tD
−
B(I)
aB (I)tB
bD
bB
The instrumental response R(I,E) is a continous function of the  
incoming photon-energy E. It is converted to a discrete function 
represented by the Redistribution Matrix Function (RMF).  
The RMF is then multiplied by an Auxiliary Response File (ARF) 
that contains the efficiency (in cm2) of the instruments at the  
different E.  
Gal foreground !
Ins. background!
Residual CXB!
Source!
Fitting a spectrum (4/4) 
The model spectrum M(E) is in unit of photons/cm2/s & is in  
general a combination of additive & multiplicative components: 
                      phabs (vmekal + zphabs (cflow)) 
(z)phabs: photoelectric absorption with free parameter the equivalent H 
column nH (~1020 atoms/cm2) … 
vmekal: emission spectrum from hot diffuse gas +emission lines 
Params: essential 3 (temperature, normalization, redshift), 
  + metal abundance, +13 other elements, +2 params that control fit 
Cflow: cooling flow model (fit range in T +Z +reds) 
X-ray observables 
Tgas !
•  poche 
decine di 
conteggi per 
avere la 
detezione e 
una misura 
della densita 
(Lx ~ ngas2) 
•  qualche 
migliaio di 
conteggi per 
definire bene 
la Tgas
K = ∫ nenH dV !
X-ray observables 
A1689: z=0.183, texp=10.8 ksec, total cts=32,500 !
X-ray observables 
Surface brightness = Flux / Area 
Flux = Luminosity / (4 π DL2) 
Luminosity ~ 1045 erg/s 
Note: a source is characterized by its 
count-rate (cts/s) at the detector that 
is converted in flux given a source 
spectrum & an instrument response, 
and then in LX once the distance is 
known 
ngas from the deprojection 
(Fabian & Cambridge group, Nulsen, Buote, Ettori, Arabadjis,  
Peterson et al.,Vikhlinin, Pratt, Pizzolato, Croston,...) 
€ 
EI j = nei∫ nH dV = Kmekal, j × 4π 10
14Dapp2 (1+ z)2
X-ray observables: ngas & Tgas 
X-ray derived quantities:  
fgas, Pgas, … 
Pgas=ngasTgas 
Kgas=Tgas/ngas2/3 
fgas = Mgas / Mtot 
X-ray derived quantities:  
time scales 
The ionizied, optically thin  
plasma has time scales 
related to elastic collisions 
(tcoulomb ∝ T3/2/n)   
<< tcooling (∝ T1/2/n)  &  theating 
and can be treated as a 
fluid in HE because any 
sound wave cross the ICM 
on  tsound (∝ R/T1/2)  
< tage ≈ H0-1 
tcooling
tcoulomb
tsound
A1795
The 0.3<z<1.3 cluster sample 
8' 
6' z=0.3 
z=0.4 
z=0.45 
z=0.54 
z=0.58 
z=0.75 
z=0.9 z=1.27 
………./ 
Due casi estremi: Sb & Tew 
 z = 1.26 z = 1.10 
An example: RXJ1252, z=1.235
An example: RXJ1252, z=1.237
We fit a single  
absorbed 
MEKAL 
to measure Te 
(Rosati et al. 04) 
NOTE: 
850 cts <35”
1220 cts <59”
(rc~10”, 250 cts)
An example: RXJ1252, z=1.237
The deprojected Sb provides 
ne that is then fitted with a 
functional form 
€ 
Mtot (< r)∝− r × Tgas(r) ×
d ln(ngas)+ dln(Tgas)
d ln r
€ 
Mgas(< r) = µmu n∫ gas(r) dV
In case of isothermality, 
€ 
Mtot (< r)∝− r × T0 ×
d ln(ngas)
d ln r

A front is there: cold or hot? !
…the bullet cluster at z=0.3 
(Markevitch et al. 02) 
The cold/hot fronts 
(Markevitch & Vikhlinin 2007) 
The “fronts” are sharp contact discontinuities between regions 
of gas with different densities 
•  The classic bow shocks are driven by the infalling subclusters 
•  The “cold fronts” are found in mergers as well as around the central density peaks 
in “relaxed” clusters & are caused by motion of cool, dense gas clouds in the 
ambient higher-entropy gas. These clouds are either remnants of the infalling 
subclusters, or the displaced gas from the cluster’s own cool cores 
A399-A401! A754! A2029 !
The cold/hot fronts 
(Markevitch & Vikhlinin 2007) 
bow shocks !
cold fronts !
The hot fronts 
(Markevitch & Vikhlinin 2007) 
A399-A401! A754! A2029 !
M = v / cs = [ 2r /(γ+1-r(γ-1) ]0.5 ~3 
The cold fronts 
(Markevitch & Vikhlinin 2007) 
A399-A401! A754! A2029 !
An example: RXJ1252, z=1.237
We fit a single  
absorbed 
MEKAL 
to measure Te 
(Rosati et al. 04) 
NOTE: 
850 cts <35”
1220 cts <59”
(rc~10”, 250 cts)
zopt 
Baryons in Galaxy Clusters
The Cluster Baryonic Pie (Ettori et al. 09, after WMAP-5 yrs)
Y: depletion param from simulations!
€ 
Ωb,CMB
Ωm,CMB
=
fgas
Y +
fgal
Y + fotherbaryons
€ 
Elements abundance (in mass) !
Big Bang … 75% H, 25% He, 0.01% D!
Now … 73% H, 24.7% He, 0.76% O, 0.29% C, 0.16%Fe, …!
Earth … 45.5% O, 27.2% Si, 8.3% Al, 6.2% Fe, …!
Life … 65% O, 18.5% C, 9.5% H, 3.3% N, 1.5% Ca, …!
ICM metallicity
The continuum intensity is the combination 
of 3 main processes: 
1.  Thermal bremsstrahlung (free-free emission; ε~T0.5) 
2.  Recombination (free-bound) 
3.  Two-photon decay of metastable levels 
Then, emission from collisionally excited lines (ε~T-0.5) 
Overall, the emission is 
€ 
εν = Λν (XiX∑ ,Tg ) n(Xi) ne
where int(Λν dν) is the cooling function,  
i.e. the emission at unit electron-ion density 
ICM metallicity
The continuum intensity is the combination 
of 3 main processes: 
1.  Thermal bremsstrahlung (free-free emission; ε~T0.5) 
2.  Recombination (free-bound) 
3.  Two-photon decay of metastable levels 
Then, emission from collisionally excited lines (ε~T-0.5) 
Overall, the emission is 
ε ~4.4e-27  ne2 Tg0.5  [erg/s/cm3] 
at T>3e7 K, where bremsstrahlung dominates 
ε ~9e-19 ne2 Tg-0.5 [erg/s/cm3] 
at 1e5 < T < 3e7 K, where line cooling is more relevant 
ICM metallicity
At given Te, the continuum intensity is mainly due to nenH. 
The line intensity depends on nenX, where X is an heavy elements. 
The line-to-continuum ratio is then       n(X)/n(H) = Z. 
€ 
∝
€ 
EW = Iν − Iν
c
Iνc
∫ dνThis ratio is given by the equivalent width 
ICM metallicity
Typical ICM abundance 
[Z = n(X)/n(H)] 
He/H ~9e-2 
0/H ~2e-4  
observed as O VIII at 0.65 keV 
Si/H ~2e-5  
observed as Si XIV at 2.0 keV 
S/H ~1e-5  
observed as S XVI at 2.6 keV 
Fe/H ~2e-5  
observed as a blend of Fe XXV 
and XXVI at 6.6-7 keV 
M87 with XMM  
(Gastaldello & Molendi 02) 
ICM metallicity
What pollutes with metals the ICM ? 
Supernovae type Ia: from accreting white dwarf in a binary system 
… relatively more rich in elements of Fe-peak (Fe, Ni) 
Supernovae type II: from core-collapse of single massive (M>8Msun) star 
… rich in α-elements (O, Ne, Mg), Si-group 
How we can trace this enrichment ? 
Metal yields 
Metal yields: SN-Ia vs SN-CC
On the metal yields 
inner 3’ of 2A0335 with XMM !
(Werner, de Plaa, Kaastra et al. 05)!
Atomic number!
Ab
un
da
nc
e 
so
la
r!
1.0!
0.5!
ICM metallicity at z=0
  CC 
Deprojected Iron abundance profiles (De Grandi et al. 2004) 
 NCC!
ICM metallicity at z=0.1-0.3
Iron abundance profiles from 12 CXO objects (Baldi et al. 2007) 
r/R180 
ICM metallicity at z>0.3:  
results from 56 clusters (Balestra et al 07) 
ICM metallicity at z>0.3:  
results from 56 clusters (Balestra et al 07) 
ICM metallicity at high-z:  
results from 116 clusters (Maughan et al 08) 
Expectation at high-z 
Observed total Mass of Metal:    Mx = Ax Zx ∫ Ab(r) ρH(r) dV 
 …but Mx,TOT ≈ AbICM MICM + Abstars Mstars  ≈ 1.5 Mx,ICM   
 using AbICM ~0.3 solar, Abstars ~1.4 solar (Solar = Lodders 03) 
              (Lin etal 03, Portinari etal 04, see Matteucci & Chiappini 05 on IRA) 
Expected Iron mass:    MFe,SN = MFe,Ia + MFe,CC 
                        = ∫ [mFe,Ia RIa(t) + mFe,CC RCC(t)] dt dV 
          where   mFe,Ia = 0.7 M,    mFe,CC = 0.1 M           
          and the SN rates R(t) come from models that well 
          reproduces the observed rates up to z≤1.6 and SFR 
Other metals (like O, Si, S, Ni) mass:   
          Mx = (YIa MFe,Ia +YCC MFe,CC) Ax Zx / (AFe ZFe) 
Recent development:  
the bimodal population of SNIa
  Mannucci et al. (2005) study the delay time 
distribution of SNIa by using (i) the evolution with 
redshift of SNIa rate, (ii) the dependence of SNIa rate 
on colour of the parent galaxies, (iii) the enhancement 
of SNIa rate in radio-loud early-ty gals
  SNIa have a bimodal DTD: 50% are prompt (they 
explode ~108 yrs after stellar birth; Mprogenitor >5.5 
Msun; they occur at high-z as SNCC -z=5-10-, SN 
CC/Ia ~10), 50% are tardy (exponential function with a 
decay time of 3 Gyrs). See also Scannapieco & 
Bildsten (2005).
Recent development:  
the bimodal population of SNIa
bimodal
 prompt
 tardy
Dahlen et al. 04 
zi=10!
Recent development:  
the bimodal population of SNIa
w7 & bimodal w7 & narrow 
Recent development:  
the bimodal population of SNIa
bimodal!
Dahlen et al. 04!
Balestra et al. 07!
Maughan et al. 08!
Some conclusions!
•  X-ray clusters have well defined spatially-resolved 
properties in metallicity and entropy up to z~0.3 and 
beyond!
•  First constraints on the history of the metal accumulation 
in the ICM are now possible owing to (1) the observed 
rates of SNIa/CC at high redshift and (2) the present limits 
on the abundance ratios in nearby clusters and the cluster 
Iron budget measured  up to z=1.3 !
•  Future experiments can resolve different pattern 
abundances as function of lookback time to describe the 
different SN contribution !
Chemical Enrichment of the IGM,   Leiden, May 28, 2009:   the cluster metal budget 
